_AD-A160 1357 PHOTOGENERATION OF CONFINED SOLITON PAIRS (BIPOLARONS) /1
- IN PO%E;:Eg;H‘E‘:E(U) CRLIFORNIH UNIV SMITH BﬂRlﬁRﬂ INST
UNCLASSIFIED 01 ocT 83 IPOS—ONR-!. N00014-85 K-OOSB F/G 20/8




YRR SR L5 TS CA T G 0L RO AL 0 T T
S PN PR, N SO RIC A AP S S =ai R AN M A 4 "'LF'..,_.__-‘T ~—ra

7w LT

e e

La

- i g28 P25
' 10 & ke
= &z g B :
gy
R T mz.o g
" = ‘

2 fis

=
ll=

b)
|

|||||4>

MICROCOPY RESOLUTION TEST CHART
NATIONAL BuREAU OF STANDARDS — 1963~ A




,'.,'. ‘i e S0

L '-'

N OFFICE OF NAVAL RESEARCH
Te) Contract N8@814-85-K-8098
F
Technical Report No. |
Q
O
F
'i: Photogeneration of Confined Soliton Pairs (Bipolarons) in Polythiophene
‘:) Prepared for Publication in Physical Review Letters
by
2. Vardeny, E. Ehrenfreund and 0. Brafman
Physics Department and Solid State Institute
Technion-Israel Institute of Technology
Haifa, 32000, Israel
and
-_L\ M. Nowak, H. Schaffer, A. J. Heeger and F. Wudl
' Institute for Polymers and Organic Solids
Department of Physics
University of California, Santa Barbara ey
Santa Barbara, CA 931684 D l l< :
ELECTE
OCT 7 1853
S v
Reproduction in whole or in part is permitted for any purpose of the United
8 States Government
- (N W] This document has been approved for public release and sale: its
“ =  distribution is unlimited
o {
E; €
= £.3
.
b .
e
ﬁ:.x: 8




W T B e w e e ry—_—r— ol et hatr e S, St et -Bndiel el S i S i S RS S A e i i B Sne S it St “SRANN At ‘ T v .‘,
A A L B YA T UL R R R N NSRS L. R . . R I . . RO - . P E R N e

N / e
SEX. UTY SLASSIEICATION OF THIS PAGE /&/) - // SECNEN

REPORT DOCUMENTATION PAGE

0. SEPOR T SECURITY SLASSIFICATION 10. RESTRICTIVE MARKINGS
NONE NONE
A& SECURITY CLASSIFICATION AUTHORITY 3. DISTRIBUTION/AVAILABILITY OF REPORT
NONE N
. —ECLASSIFICATION/DOWNGRADING SCHEDULE Un] mi tEd
NONE
4 PE IFORMING ORGANIZATION REPORT NUMBER!S) 5 MONITORING ORGANIZATION REPORT NUMBERI(S)
IPOS - ONR # 1 ONR NOOO14-85-K-0098

. . N . (1f applicabdle)
University of California, Office of Naval Research

_____Santa Barbara

ta ™ AME OF PERFORMING ORGANIZATION rb. OFFICE SYMBOL 7a. NAME OF MONITORING ORGANIZATION

i:. <~ DDAESS (City. Stetc and ZIP Code! 75. ADDRESS (City. State and ZIP Code:
N. Quincy Avenue
10 800. .

Santa Barbara, CA 93106 Arlington, VA 22217
sa ™~ aAME OF FUNDING. SPONSORING 8b. OFFICE SYmMmeOL 9. PROCUREMENT INSTRUMENT IDENTIFICATION NUMBER

- AGANIZATION (1{ epplicable;

Office of Naval Research !
#. =~ JDRESS (City. State and ZIP Code) 10. SOURCE OF FUNDING NOS.

. PROGRAM PROJECT TASK WORAK YNIT
800 N. Quincy Avenue . ELEMENT NO. NG. NO. NO.
Arlington, VA 22217 - - - -

‘v T TLE incwsee Security Classification)

"Photogeneration of Confined Soliton Pairs (Biqplarons) in Rolythiophehe"

‘2. TZASONAL AUTHORI(S)

Z. Vardeny, E. Ehrenfreund, 0. Brafman, M. Nowak, H. Schaffer, A. J. Heeger and F. Wudl

Ja TVYSE OF AREPOAT 13n. TIME COVERED 14. DATE OF REPORAT (Yr. Mo.. Day; 15. PAGE COUNT
Technical FAOM o 10/1/85
‘3. S UPPLEMENTARAY NCTATION
None
i COSAT!I CODES 18. SUBJECT TERMS (Contnue an reverse if necessary and identify by dlock number:
sie ¢ ¢ gROUS | SUB. GA

2 & 3STRACZT (Continue op. meverse 1/ necessary sod iden tify by block number) = ( . EEm— =
N\ CHF sugaizoyy for = CBsuyeraorand *or>

. \
absorption and light indueed(electron'spin resonance, we demonstrate
tha e dominant pfiotocarriers generated in polythiophene.w1th excitatio vg the energy
gap (E{) are charged bipolarons (spin zero). The observation of bipolarons ) rather

than polarons as the dominant photoexcitations demonstrates tha Coulomb contri-
bution to the bipolaron energy“15§%yis suﬁficiently small that Pt +‘§£§g§§ggg. From the
analysis of the spectra, we find B/E%)/- 0.13,<~ _:‘;h
. "fu\_ﬁs Wsal® Ll Q axuvy oo 'UW“'*Q“\\'*'*Q‘" -3
2 S .STNBUTION/AVAILABILITY OF ABSTRACT 21. ABSTRACT SECURITY CLASSIFICATION
vc_assizigorunumTeo KX same as aer = oricuseas O Unlimited
a8, SAME OF RESPONSIBLE INDIVIDUAL 220 TELEPHONE NUMSBER 22c. OFFICE SYMBOL
A. J. Heeger (Inciude Area Code/
$805! 961-3184

e ————
£J FCARM 1473, 83 APR €DITION OF 1 JAN 73 1S OBSOLETE.

SECURMITY CLASSIFICATION OF THIS PAGE




CheiBrLast an an ae-g A einy
T PRI e

R R N A A e L i SR oA S i ottt a - a - i ol ey RN N AR g0 PR g8 piy-she iy - JauP o= e a4 |

Photogeneration of Confinecd Soli ton Pairs
(Bipolarons) in Polythiocphene

Z. Vardeny, E. Ehrenfreund and O. Brafman
Physics Department and Salid State Institute
Technion-Israsl Institute of Technology
EHaifa, 32000, Israel
and
M. Nowak, H. Schaffer, A. J. Heeger and F.Wudl
Despartment of Physics and
Institute for Polymers and Organic Solids
University of California, Santa Barbara

Santa Barbara, CA 73106
DTIC
ELECTE
OCT 7 185,
ABSTRACT A

From photoinduced absorption and light induced electron spin
resonancs, we demonstrate that the dominant photocarriers
generated in polythiophene with excitation above tha energy gap
(Bs) are charged bipolarcons (spin zero). The observation of
bipolarons (B2 rather than polarons PhH as the dominant
photoexcitations demonstrates that the Coulamb contribution to the
bipolaron energy (Upg) is sufficisntly small that Pf+pts B, From

the analysis of the spectra, we find (U’BIE:‘) = 0.42.
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The passibility that the dominant charged excitations for a non-
degenerate ground state polymer are confined soliton pairs
(bipolarons) with charge +2lei, rather than polarons is a fascinating

new ideat™% in the fisld of canducting polymars. The existance of

stable bipolaron excitations would prove that when twa like charges
are injectad ontc a polymer chain, there is an indirect attractive
interaction due toc the presences aof a self-consistantly generatad
local structural distartion. Moreover, Brazovskii et al. have shown?
that such spinlass bipolarcons caould exhibit Bose condensation to
a novel charged superfluid state. Thus, the identification of the
dominant charged excitations in conjugated polymers with a non-

dcgmoriu ground state is of sp.cia.t. importancs

o
St

. _ Most of the previous .xp.mmtlé- 10 on non-degenerate ground
state conducting polymers have used charge transfer doping to study
N the charge storage canfiguration. Although there is considerable

evidence that upon doping, charge is stored in bipolarons,6'9 the

R 'v' P

interaction of the electronic charges with the dopant ions could
significantly change the energy. Moreocover, in some casaes the
evidence from doping studias is controversial.®0 Therefore, the

2 questiocon of whether bipolarons are intrinsically the lowest snergy

charged configurations in such polymers remains open.
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As a represantative of the class aof polymers with a non-
degenerate ground state, polythiophene (PT) is an ideal candidate. It
is highly crystauincii with a simple backbone geometry (Fig. 1)
similar ta that of cis~(CH), but stabilized in that structure by the
sulfur. Since there is detailed evidence’'12:13 that the sulfur
interacts only weakly with the ff-electrons of the backbone, PT may

be thought of as a pssudo—-palyene.

Using steady—state photoinduced absorption spcctroscapy““is and
light induced electron spin rescnance,14 ge show in this paper that
charged hipalarons are photo—generated irr neutral palythicphene.
Although we find specific esvidence of the repulsive Caoulomb
contribution (Up) to the bipolarorn energy, the sxistance of bipolarons
(rather than polarons) as the dominant long-lived charged

photoexcitations demcnstrates that Ug is relatively small.

The photoinduced absorptiorn spectrum of PT at 20K is shown
in Fig. 1. These data were chtained using a chopped laser (hgq =
2.7 eV) with I; = 20 mW em™2 for tha modulatad pump beam and
an incandescent light scurce dispersed by a monochromator as the
probe beam. The PT samples were pressad KBr pellets containing
approximately 025 wt % PT 'powder (obtained by condensation
polymnrization"? of 2,5-diiodothiophene) with an optical density
corresponding to an effective thickness of about 1000 A The
transmission (T) and the photomodulatiaon (AT) were measured with

appropriate detectors and a lock-in amplifiar. The system response

...... . ‘.:'.."..'-.. AR R Y ~;.".~."_.":.'-;.,'-;. "-"'..‘“:.":. -:.'-'.’-;.'-:,‘.t_“.:_ RRSYE S ‘.'- '.: ‘-:’ e e e :; AR \.i\-;._':-_"._ :._~:..
) o RIS W, YA Y W DRI TP TR I Wl W R W TE T S T, S T S DAL T WA AU, LT A, W, L S AL G \.{k‘_\' >




A PP e I g e, e e e, C o o Pl e o el L g .‘.z_v_r‘ b N R e A T

was accaunted for by taking the ratiao AT/T which is proporticnal
to the change (@ in the sample absorption coefficient. The
photoinduced absorption spectrum consists of four maini? infrared
active vibrational (IRAV) lines below 0.2 eV and two asymmetric
electronic bands with & > 0. The low energy band peaks at 0.45
eV and the high energy band peaks at 1.25 eV. The photoinduced
absorption bands derive their strengths from states above 2 eV where
& changes sign and turns intae inducead bleaching (& ¢ 0). The
oscillations sean in the bleaching part of the spectrum are simidar
to those acbserved it the phaotainduced spectrum of _tx-_axls_-(cmxia
and may be due to electrcabsorption from the photocarriers or

phonon avertones of & discrete defsct lavel.

For the first time, the full photoinduced spectrum, including IRAV
lines, and the two electronic bands are cbservaed together and
compared guantitatively under the same experimental conditions. UWe
verifiad that all of the features in Fig. { have a common origin
by measuring their dependences on the excitation intensity Iy,
temperature, and chopping fraguency, and by measuring the
individual axcitation profiles. We found that all the spectral
features show the same behavior. At low Iz, they all increase as
ILU 2 followed by saturation at high I;, similar to the photoinduced
soliton absorption in trans-(CH)x.15'19 They all monotonically
decrease in intensity by an order of magnitude when temperature

1s changed from 20 to 300 K, and they all give signals which lag
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in phasa by = 40° from the laser illumination chopped at 140 Hz

(implying a photocarrier lifetime of ~5 ms).

The IRAV excitation profile is shown in Fig. 2. The absoclute
value of the number of photogeneratad charges (N.;) was estimated
by comparing the strength of tha lower snergy electronic band with
the corresponding band in samples of knawn doping conc.ntration;7
the two independent data sets were thus normalized ta Nop = 2
X 1074 per thiophene ring at wy_ = 2.5 aV. Consistent data (with
minor quantitative deviations) were chtained with the modulation
tachniquc“’ and with the FTIR mothod."s using a dye laser as the
pump beam in the former and & high intensity Xe lamp with a series
of narraw band pass filters int the latter. The excitation profile
consists of a relatively narrow peak at 1.99 eV followed by a staep
increase for sep > 2.2 eV, The two electronic bands show the same
excitation profiles. The steep increase for sy higher than the
anergy gap7'17 indicates that free carrier absorption is inveolved
as an intermediate stap, n‘milarly” to trans-(CH),. We identify the
1.95 aV peak as due to an exciton. Since a bound elactron-hole
(e~h) pair on a single polymer chain would rapidly recombine, the
exciton is probably a bound state of an e~h pair on neighboring
chains. A specific defect level in the gap is rulad out, because
the induced bleaching begins above 2 aV (Fig. 1. The proximity

of the 1.95 eV peak to the peak in the luminescence sp.ctrum9 may

indicatae that the luminescence is due to interchain exciton
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recombination.

Light induced electron spin rescnance measurements were carried
outi® at 20 K and 100 K on similar samples (~ { wt% PT powder
in KBr pellet); the excitation profile for photogenerated spins (Ng)
; is shown in Fig. 2. The absclute value of (Ng) was estimated fromr

the relative strengths of the photoinduced and dark signals (the
latter is knownidi? ¢5 be about 240 X 107 per thiophene mcnomer).
Although a photoinduced ESRE signal was ohserved (indicative aof
ﬁ phota-generation aof polarcns‘é), the excitation profile for
photogenerated spinsg is complately different from the excitation
h profile faor photogsnerated chargess. Moresaover, after improving the

structural order by annealing the PT at elevatad tlnp.rature.i"

the number of photogsnerated spins drops below the detectable limit
i whereas the photoinduced absorption signal remains. Thus, the !

dominant charged photoexcitations in PT are spinless. A relatively

5‘; small numbaer of spin-i/2 excitations are photogenerated in the lower

crystallinity (as-synthesized) samples as reported earlier.lé Since
the spin-1/2 excitation profile peaks deep in the gap (~ 1.5 eV),
and sinces the annealad samples show no photoinduced ESR, polaron
excitation occurs via defect states deep in the gap resulting from
structural imperfection. The lifetime for the photoganerated spins
is ~ 1 sec (much greater than that of the photogensrated charges)

consistent with deep trapping on a defect.

.............
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We conclude that the photoinduced absarptiorn spectrum shown

in Fig. 1 defines a single charged phatoexcitation with slectranic
lavels self-consistently localized in the gap. We propose that it
results from charged, spinless bipolarons, and we identify the 0.45

aV and 1.25 eV bands as transitions ., and &, respectively, as shawn

in Fig. 1 (inset). The identification is based on the following: a)
The IRAV show that a structural distortion is involved and that
the excitatiaon is chu-gcd.z" b The 0.45 eV and L.25 eV bands are
asymmetric indicating that transitions from (to) continuum statas
are involved, in agreement with prodictions‘ for bipolaron
transitions (Fig. 1, insatx <> The photoinduced absorption spectrum
is similar to the Ar spectra ;::htai.n.d.' for PT at dilute doping
concentrations. These doping-induced spectral changes alsoc show
two asymmetric bands, at 0.45 eV and (.45 eV, identified with
bipolaran transitions.” Morecver, the difference @3 < @ =24 is
the same (0.8 eV) for photoinducsd and doping induced’ M spectra. If
bipolarons are produced in both cases, the splitting between the
two gap states should be the same and not depend on the generation

process, since 24y is due to confinement.?

Since the relation af + og = E; would hold in absence of Coulomb
repulsion, the transition energiss are shifted;




where Up is the difference in Coulomb energy between initial state
(double charge) and final state (single charge) with fixad lattice
coordinates. From Fig. i, ¢4 + &g = 1.7 eV, while Eg s2.1 - 22 e7
was inferred from the absaorption sp.ctrum.7'16 A more accurate
value far E"-d has been obtained?? from analysis of the IRAV and
resonance Raman data using the amplitude modes formalism;23,24 E;"d
= 2.2 V. From eqn. i, we find Upg = 0.2 eV or (Ug/Eg) =0.12. This
small value for is consistant withh the existance of bipclarons rather
than polarons as the dominant charged axcitation. Since the
palaron is a bound state of a neutral and a charged soliton4 whersas
the bipolaran is & confined pair of chargad solitons, a largs Us
wauld favar palaran fornatinn;_ For doping induced bipolarons, the
shift of each transition by Upg is compensated by the Coulomb binding
to the dopant ion (Eg) so that o + o3 = E' - 2(Ug - Eg). Since
Ug and Eg depend primarily on the spatial extant of the bipolaron,
the two contributions approximately cancel.” Since there is no
splitting of either the 0.45 eV or the 1.25 eV bands, charge
conjugation symmctryzs hoids for PT, and therefore sgn. 1 describes

negative or pasitive bipolarons.

The finite positive value found for Ug damonstrates that the
underliying mechanism for bipolaron formation in PT is quite
different from the negative-U centars in 3d semiconductors
introduced by Anderson24 and carried over to defect pairs in the

2

chalcogenide glasses<’ and to impuritias and vacancies in silicon.<8




In PT (and presumably mare generally in conducting polymers), the

bipolarons rasult from the confinement of charged solitons pairs.

The sxistance of long-lived charged bipolarocns requires pairs of
like charges on PT chains. Although intrachain absorption
processes are expectad to dominate, the resulting electron-hocle pairs
evidently rapidly recombine (neutral bipoclarons should be unstable
with a short lifetime). Photoexcitation of electron-hole pairs on
neighboring chains is expectad to occur becausa of the finitaes
interchain bhandwidth. Such interchain pairs form polarons and/
or weakly baund excitons, and they play a transient role in the
formatiaon of the charged bipolarons which are cbserved at long
times. As thase polarons diffuse, they will form bipolarons when
two polarons with the same charge appear in a singla chain. A
similar mechanism was proposcd."ﬁ for the photosxcitation of charged
salitons in trans—-(CH),. The excitation profile (Fig. 2) suggests that
pumping interchain excitons is a particularly efficient means of
generating bipolarons in PT; the detailed mechanism by which this

occurs is, however, not understood.

Qur work dces not exclude the importance of charge statas
different from bipolarons under different circumstancas: Polarons
were identified8? in elactrochemically prepared samples at dilute
doping concentrations (< 1%). This may indicate slow kinetics of

the reaction P* + P* + B*2 for disordered samples with relatively

0w crystallinity., A small number of polarons are observedif 34
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photoexcitations in as-synthesized PT, as daescribed above.

Measurements with sy = 1.95 eV (which is the peak in the IRAV
excitation profile below the gap) yield an IRAV spectrum identical
tao that in Fig. 4, but the intensity of the 1.25 aV band is reducad
by a factor of two and the lower snergy band peaks at 0.35 eV. This,
and the cbsarvation that the excitation profile for photogeneration
of spins peaks at ~ 1.5 eV, suggest that different charge statas

contribute for excitation at hoy < E‘.

In conclusion, we have. shown that the dominant charge statas
in PT generated with ey > E‘ are bipoclarons. The cbservation of
bipolarans, rather than polarons, as the long lived charged
excitations demonstratas that the Cgulomb cantribution to the
bipolaron anergy is relatively small; from analysis of the spectra,
we find (UB/Eg’ £ 0.12. Since Ug > 0, stable bipolarons result from
the confinament of charged soliton pairs. The existance of
bipolarons during photoexcitation or aftar doping thus implies an

indirect attractive interaction between two like charges due tao a

salf-consistantly generatad local structural distortion.
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Figure Captions

Photoinduced absorption of PT at 20 K obtained with Iy,
= 10 mW cm™2 at o, = 2,7 eV. The insats show a chemical
structure diagram of PT (upper) and the energy levels

and allowed transitions for B2* (lower).

Excitation profile of PT; N, (ese and coo) and Ng (exx)
are plotted as a function of pump snergy (hy ). The dots
were cbtained with the modulation technique (20 K), open
circles with FTIR (~ 100.K). Both N, and Ng were
normalized (by IL"/Z) to an equivalent pump power of 10
mW cm™2. The dashed line extrapolates to the observed
energy gap (~ 2 eV), The insat shcws Ng vs. Wy on an

sxpanded scale.
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